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DNA inside the cellular environment works under a confined space. An intense research of the
transcription and replication of DNA in the confined state is structurally significant to command
the self assembly of DNA in a chamber or channel. In this work, we consider double stranded
DNA (dsDNA) molecules of different length and sequence and study the thermal stability of the
molecule in a confined space of conical geometry. Using the Peyrard-Bishop-Dauxois (PBD) model,
we evaluate the melting profile of dsDNA that is confined on one side of the conical wall that mimics
cellular boundary. Our results show that not only the confinement, but also the geometry of the
confined space plays a prominent role in the stability of the molecule.
PACS numbers: 87.14.gk, 87.15.Zg, 87.15.A-
Deoxy ribose nucleic acid (DNA) has the ingrained
power in storing and operating information of the cell.
The most stable structure of this molecule is double he-
lical structure (also known as Watson-Crick double he-
lix) in a given solvent and temperature condition. The
genetic information of an entire organism is coded in
terms of four nucleotide Adenine (A), Guanine (G), Cy-
tocine (C), Thymine (T) as well as on their sequence
in a given molecule [1]. Most abundant form of DNA
helix is the B-form. It has been observed that on in-
creasing the temperature of the solution containing the
DNA molecule, the double strand progressively trans-
forms into single stranded configuration. This is known
as DNA melting or denaturation of DNA[2]. The same
can be achieve by changing the pH of the solution as
well as by pulling either of the strand by a mechanical
device [3–5]. To develop applications like, thermal cy-
cling induced DNA melting in the PCR technique and the
binding of the short staple strands to the DNA origami,
the understanding of the denaturation and renaturation
processes of DNA are very important. In vivo, DNA
molecule is confined in a limited space such as the cell
chamber or a channel and is in highly dense solvent con-
ditions [6–8]. This confinment restrict the conformation
and movement of DNA molecules in the cell. The ther-
modynamic properties of DNA molecules, hence, highly
depend on the confined space and on the solvent prop-
erties [9]. It is known that conformational properties
of biopolymers under confinement are the crucial rele-
vance in living systems like DNA packing in eukaryotic
chromosomes, viral capsids etc [7, 10]. In order to have
fair understanding of these properties we should have a
deep understanding of the denaturation and renaturation
mechanisms of DNA in the confined state. These kind of
studies enable us to use DNA for effective design and
to control the self-assembly behavior of the molecule for
various applications. The experimental findings showed
that the confinement strongly affects the entropy of DNA
molecules. In an important work, Lau et al [11] showed
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that a small DNA strand initially confined in a 4 nm di-
ameter nanotube, exhibit dynamics similar to the uncon-
fined molecule, but the behaviour is drastically changed
when the diameter is reduced to 3 nm. From the point of
view of biological purposes and DNA manipulation, car-
bon nanotubes are used as templates for DNA encapsula-
tion, intracellular penetration via endocytosis and deliv-
ery of biological payloads etc [12, 13]. Recently, we have
witnessed few works, theoretical as well as experimental,
which demonstrate the local properties of the DNA melt-
ing transition in nanochannels [14]. In all these studies,
they have considered either rectangular or spherical ge-
ometry of the confinement [6]. We are interested here
to study the melting transition in the conical geometry
[7]. We investigate the change in melting temperature
with varying the angle of the conical geometry using a
statistical model.
A Hamiltonian model that has been found appropri-
ate to represent interactions in DNA is the Peyrard-
Bishop-Dauxois model. For the current investigation we
use Peyrard-Bishop-Dauxois model which considers the
stretching between corresponding bases only [15, 16]. Al-
though the model ignores the helicoidal structure of the
dsDNA molecule, it has enough details to analyze me-
chanical behavior at few A˚ scale relevant to molecular-
biological events[17]. The Hamiltonian for DNA, con-
taining N base pairs, is written as,
H =
N∑
i=1
[
p2i
2m
+ VM (yi)
]
+
N−1∑
i=1
[WS(yi, yi+1)] , (1)
where yi represents the stretching from the equilibrium
position of the hydrogen bonds. The term pi = my˙i
represents the momentum while m is the reduced mass
of a base pair, taken to be the same for both AT and
GC base pairs. The stacking interaction between two
consecutive base pairs along the chain is represented by,
WS(yi, yi+1) =
k
2
(yi − yi+1)2[1 + ρe−b(yi+yi+1)], (2)
here k represents the single strand elasticity. The an-
harmonicity in the strand elasticity is represented by ρ
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2while b represents its range. The hydrogen bonding be-
tween the two bases in the ith pair is represented by the
Morse potential VM (yi) = D(e
−ayi − 1)2. The on-site
potential is modified to incorporate the solution effect
as[18, 19]
VM (yi) = D(e
−ayi − 1)2 − 1
4
D[tanh(γyi)− 1] (3)
where D represents the potential depth, roughly equal to
the bond energy of that pair and a represents the inverse
of the width of the potential well. An additional term
in the Morse potential is the solvent term which simu-
lates the formation of hydrogen bonds with the solvent,
once the hydrogen bonds are stretched by more than their
equilibrium values. The tanh term in the potential en-
hances the energy of the equilibrium configuration and
the height of the barrier below which the base pair is
closed [20, 21]. We take γ = 1.0 A˚
−1
in this problem as
a suitable choice for our calculations. Thermodynamics
of the transition can be investigated by evaluating the
expression for the partition function. For a sequence of
N base pairs, the partition function can be written as
[22]:
Z =
∫ N∏
i=1
{dyidpi exp(−βH)} = ZpZc, (4)
where Zp corresponds to the momentum part of the par-
tition function while the Zc contributes as the configu-
rational part of the partition function. The momentum
part can be integrated out as a simple Gaussian integral
and contribute a factor of (2pimkBT )
N/2 in the partition
function. The configurational partition function, Zc, is
defined as [22],
Zc =
∫
[
N−1∏
i=1
dyiK(yi, yi+1)]dyNK(yN ) (5)
where K(yi, yi+1) = exp [−βH(yi, yi+1)] .
We consider a homogeneous chain of 100, 200, 300 and
350 base pairs and study the melting of DNA chain in
the conical shaped cellular environment. Earlier people
have studied the melting of DNA in a confined geometry
that is parallel to DNA strands. Here we consider the
complete DNA chain on one side of the cone as shown
in Fig. 1. On this side of the chain, solution is not di-
lute, so we take care of the solvent effect in the model.
Due to surrounding cellular environment, the movement
of base pairs will be restricted which in turn affect the
overall entropy of the system. We restrict the configura-
tion space of the system as shown in Fig. 1. The upper
limit of the numerical integration that is required to cal-
culate the partition function of the system using PBD
model is modified as shown as per the geometry of the
confining wall (see Fig. 1). There is no change in the
lower limit of integral, however, the upper limit of inte-
gral for each base pair is modified as x = N ∗3.4∗ tan(θ).
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FIG. 1. (a)(top) The schematic representation of the DNA
molecule in a confined cell of conical shape. The distance x
represents the distance between a pair and the confining wall
while θ is the angle at which the cellular wall is suppose to
confine the DNA. We consider the the lowest cross section
of the cone as 2 nm (∼ diameter of DNA). (b)(bottom) The
schematic representation of the DNA molecule in a confined
cell of cylinderical symmetry.
Here, N is the number of base pairs as we move from left
to right, while θ is the angular separation between the
confining wall and the DNA strand. Since two base pairs
are approximately 3.4 A˚ distance apart we take this as
the multiplication factor in calculation.
For the current investigation, we choose the model pa-
rameters as: D0 = 0.05 eV, a = 4.2 A˚
−1, ρ = 50.0, b =
0.35 A˚−1, k = 0.015 eVA˚−2. To investigate the thermo-
dynamics of the system, we evaluate the partition func-
tion with the help of Eq. (4). The free energy per base
pair is,
f(T ) = −1
2
kBT ln (2pimkBT )− kBT
N
lnZc (6)
The configurational part Zc of the partition function is
evaluated using matrix multiplication method [23]. Spe-
cific heat (Cv) of the system, in the thermal ensemble, is
evaluated by taking the second derivative of the free en-
ergy. The peak in the specific heat shows the transition
point that corresponds to the melting temperature (Tm)
of the chain.
We also calculate the variation in average separation
〈y〉 of the chain with temperature.
〈y〉 = 1
NZ
N∑
i=1
∫ N∏
i=1
y exp(−βH)dyi (7)
First we consider a homogeneous chain of 100 base pair
in a dilute solution. Using Eqs. (5,6) we calculate the
specific heat as a function of temperature. From the peak
in the specific heats we determine the melting tempera-
ture of the chain for different angular separation. The
3results are plotted in Fig. 2. The plot clearly shows that
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FIG. 2. The change in the melting temperature with the
change in the angular separation between the confining wall
and DNA molecule. Figure shows that beyond a certain angle,
θc there is no effect of confining wall on the melting temper-
ature, Tm of the molecule.
the confinement has a strong effect on the stability of the
molecule. We find that the melting temperature (Tm) of
dsDNA increases as the confinement becomes stronger.
We vary the anglular separation and found that Tm de-
creases as the angle changes from 50 to 60. The Tm for
an angular separation of 50 is found to be 253.4 K while
for it reduces to 251 K for an angle of 60, i.e. a reduction
of approximately 2.4 K in the melting temperature. The
melting temperature further reduces for the higher angu-
lar separations and get saturated at an angle of ≈ 150.
There is an exponential decay in the Tm with increasing
angular separation. To compare the confinement effect
we consider a DNA chain is confined in a cylinder with
varying radius (see Fig.1b). We consider the radial dis-
tance between the DNA and the confining wall as 5 A˚,
10 A˚ and so on. The stability of DNA confinement in
a cylinderical symmetric wall has been investigated by
group of people using Poland Scheraga model [24]. We
find that for 5 A˚ radial distance the melting temperature
is 358.7 K which means a rise of 105.3 K as compared the
DNA confined in the conical symmetric wall of 50. This
clearly indicates that there is a strong effect of confine-
ment geometry on the DNA stability.
Next we consider the homogeneous chain in the con-
centrated solution [25]. In the Ionic environment, melting
temperature of DNA varies with the salt concentration of
the solution. We modify the PBD model to take care the
solution concentration. We adopt here the same scheme
as we did in our previous works [23, 25]. The additional
model parameters are: λ1 = 0.01, λ2 = −0.011, χ = 1.2,
t = 0.01, C = 0.05. For the same angular separation the
melting temperature increases to 365.8 K while for the
same separation (50) the Tm was 253.4 K for the DNA
in diluted solution. Due to presence of cations, the re-
pulsion between PO4 groups shielded, hence, the double
strand is more stable [19, 26]. Interesting to note that we
observe similar pattern in the change in the Tm with the
change in the angular separation. For an angular sepa-
ration of 60, the Tm reduces to 362 K, i.e. a reduction of
≈ 3.8 K in melting temperature. The results are shown
in Fig. 3.
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FIG. 3. κ = 0.015, D = 0.050, a = 4.2, BP = 100, C =
0.05, ρ = 50 The change in melting temperature with the
change in the angular separation between the confining wall
and the molecule in concentrated solution. Here we consider
the salt concentration between the molecule and confining
wall, C = 0.05. The other model parameters are given in the
text.
We also investigate the effect of confinement on dif-
ferent sized DNA molecule by varying the chain size.
We consider the chain of 100, 150, 200, 250 & 300 base
pairs and investigate the variation in melting tempera-
ture with varying angular separation. The resulting plots
are shown in fig. 4. The qualitative feature of all the plots
is same, however, the decrease in melting temperature for
all the chains are not same. For the chain of 150 bp, the
Tm is 349.5 K for an angular separation of 5
0 which re-
duces to 348 K for and angle of 100. The asympototic
value of Tm is 344.5 K which occur at ≈ 150 of angular
separation. This means for a span of 100 the variation
in melting temperature vanishes and the decrease in Tm
is ≈5 K. For the 200 bp chain, this shift is about 2.5
K for a span of 60 while, for 300 bp chain the melting
temperature reduces from 336.4 K (at 50) to 335.1 K (at
100). One can clearly see that that as the length of the
chain increases the change in melting temperature with
angle is reducing. For chain of length more than 350 base
pairs, we observe that there is no change in the melting
temperature with the change in the angular separation.
The probable arugement for the small variation is the
entropy of the system that varies with size. The smaller
the chain, the stronger the suppression of entropy. For
a bigger chain, a large section of the chain might not be
4seeing the confining wall because the distance between
the wall and the DNA chain increases (please refer to
Fig.01).
To understand the microscopic details of the opening
of homogeneous DNA chain in confined environment, we
calculate the average separation of the chain, 〈y〉, with
varying temperature as well as with the angular separa-
tion. The surface of the 3D plot clearly indicates how
DNA open under a conical shaped confining wall (see
Fig. 5).
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FIG. 5. The opening profile of the chain is shown through the
3D plot which shows a variation in 〈yi〉 for the homogeneous
chain. Here we show the profile for two different angular
separation, θ = 50 (top) and θ = 100 (bottom).
The real DNA is having a random sequence of AT and
GC pairs (Heterogeneous molecule). To investigate the
effect of confinement on the opening of a heterogeneous
system, we consider chains of three different kinds [23] as
per the following details. The three chains are of 100 base
pairs each with different sequence. First chain, Het1, is
50AT+50GC while second chain, Het2, is 50 AT and 50
GC pairs in alternate sequence. The third chain, Het3,
is having ∼50% AT and ∼50% GC in a random manner
[27]. The heterogeneity in the model is mainly introduced
via Morse Potential, D, the dissociation energy of the
pair and a, the inverse of the width of the potential well.
These two parameters have a crucial role in the DNA de-
naturation. The dissociation energy is a representation
of the hydrogen bond energy that binds the AT and GC.
It is a known fact that the bond strength of these two
pairs are not same but are in an approximate ratio of
1.25− 1.5 [20, 21, 26, 28–32] because the GC pairs have
three while AT pairs have two hydrogen bonds. While
for the Het2 and Het3 chains, there is a slight variation
in the melting temperature, the chain Het1 has slightly
higher melting temperature (see Fig.6a). The main rea-
son behind this increase in the stability is due to the
fact that chain has large stronger segments which be-
comes more stronger due the confinement. At 50, the Tm
for the Het1 is 428 K while this is 416 K for the chains
Het2 and Het3. Here again, we study the stability of the
molecule in the dilute as well as concentrated solution. In
fig.6b we show the variation in the melting temperature
for different values of salt concentration.
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FIG. 6. The variation in the Tm for the different heteroge-
neous chains. (top) Figure shows the variation in the melting
temperature for different heterogeneous sequences. (bottom)
The phase diagram for these sequences for different salt con-
centration.
In this letter, we have studied the stability of homoge-
neous as well as heterogeneous DNA molecule that is con-
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FIG. 4. How the effect of confinement changes with the linear size of the molecule is shown here. We consider the homogeneous
DNA molecule of different lengths as 150, 200, 250 and 300 in dilute solution.
fined in a cellular environment of conical geometry. Prob-
ably this is the first model based study that reveals the
effect of angular confinement on the stability of the DNA
molecule. We have shown that not only the confinement,
but the geometry of the confinement is also important in
the stability and overall activity of the molecule. DNA
inside the cellular environment is confined in a shape that
lies in between a spherical and a conical geometry. The
results obtained here are in agreement with the studies
where people have studied the DNA in confined environ-
ment of different geometries [6, 7]. This could be ex-
tended to investigate the translocation of DNA through
a nanopore of different geometries [33–36].
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